In mammalian cells, NADI serves a dual role as a respiratory coenzyme and as a substrate for the posttranslational poly(ADP-ribose) modification of chromatin proteins, catalyzed by the nuclear enzyme poly(ADP-ribose) polymerase EC 2.4.2.30]. Biological evidence strongly suggests that poly(ADP-ribosyl)ation modulates chromatin functions, although the precise molecular mechanisms involved have not yet been elucidated. Here we describe conditions for the rapid uptake of exogenously supplied NADI by living hepatocytes in primary monolayer culture. Raising the intracellular NADI concentration by 70% caused a 5-fold increase of chromatin-bound poly(ADP-ribose). We conclude that the constitutive level of posttranslational poly(ADP-ribose) modifications of chromatin proteins in mammalian cells is related to the availability of NAD+, which varies in different physiological and pathological states. We propose that poly-(ADP-ribose) may serve a hitherto unrecognized function by signaling altered metabolic conditions to the chromatin and thus modulate its functions in tune with changing metabolic states.
the specific substrate of this chromatin enzyme. Thi nrompts the question, Why is there such a direct linkage b, w-veen a posttranslational regulatory mechanism peculiar to chromatin and cellular redox reactions? A partial explanation of this is provided by the concept of "suicidal NAD+ depletion" as proposed by Berger (3) . This concept emphasizes that carcinogen-inflicted DNA damage in mammalian cells dtamatically stimulates the utilization of NAD+ for poly(ADPribose) biosynthesis and concomitantly depletes the cellular NAD+ pool(s). Thus, the chromatin-associated enzyme poly-(ADP-ribose) polymerase may serve as part of a metabolic "shut-off' mechanism under conditions of excessive DNA damage (3). Here we examined the hypothesis that metabolic conditions affecting the availability of the respiratory coenzyme NAD+ may be signaled to chromatin by poly(ADPribose). Therefore, experimental conditions were set up to determine whether an altered level of posttranslational poly(ADP-ribose) modification could be forced upon the chromatin of mammalian cells by directly manipulating the intracellular NAD+ pool with exogenously supplied NAD+.
MATERIALS AND METHODS NAD+ Loading of Hepatocytes. Hepatocytes were isolated from adult rats (male SIVZ rats, 180-240 g, fed ad lib) and cultured in 100-mm Coming tissue culture dishes (seeding density, 1 .2 x i07 cells per dish, in 10 ml of medium L-15 per dish) as described (4) . Following a 4-hr adaptation to culture conditions, the monolayers were washed and maintained under serum-free conditions with another medium change after 24 hr. The hepatocyte monolayers were then incubated in 5 ml of medium in the presence or absence of NAD' (Boehringer Mannheim). The presence of NAD' in the medium did not affect the viability of hepatocytes as judged by the trypan blue exclusion test. At the end of this incubation, excessive NAD+ was removed from the cultures by four washes with medium (5 ml per dish). Following further incubation as indicated in the legends to Figs. 1 and 2, the monolayers were rinsed twice with ice-cold phosphatebuffered saline (136.9 mM NaCl/2.7 mM KCl/4.3 mM Na2HPO4/1.5 mM KH2PO4, pH 7.4), precipitated on the dish with 20% (wt/vol) ice-cold trichloroacetic acid, and placed on ice for 15 min. The acid extract was obtained by scraping precipitated material off the plate with a rubber policeman, and the material was transferred to a 50-ml polypropylene Coming tube. The dishes were rinsed with 5 ml of 20% (wt/vol) trichloroacetic acid, and the rinse was added to the first extract. The acid-soluble fraction was recovered in the supernatant following centrifugation at 1500 rpm for 10 min in a Heraeus SW3350 rotor and used for the quantification of NAD+. The pellet was stored frozen at -20°C and processed for poly(ADP-ribose) measurements.
Quantification of Intracellular NADI. NAD+ was measured by a physicochemical assay as described (5) . Briefly, NAD+ was separated from the bulk of acid-soluble nucleosides, nucleotides, and other pyridine containing molecules by affinity chromatography on dihydroxyboronyl-Bio-Rex. NAD+ was then separated from residual interfering substances present in the boronate-purified material by strong anion exchange HPLC (5) . The absorbance at 254 nm of the eluates was monitored, and the peaks were integrated with a computing integrator calibrated with known amounts of NAD+.
Quantification of Protein-Bound Poly(ADP-Ribose) in Hepatocellular Chromatin. Protein-bound poly(ADP-ribose) was determined by the method of Jacobson et al. (6) . Briefly, acid-insoluble fractions were dissolved under alkaline conditions in the presence of EDTA to release poly(ADP-ribose) from its protein acceptors. Polymers of ADP-ribose were then purified by affinity chromatography on a boronate resin and subsequently digested to nucleosides by incubation with inake venom phosphodiesterase (Worthington) and bacterial Ikaline phosphatase (type III-S, Sigma). Following derivazation to the fluorescent 1,N6-ethenonucleoside analogues 'vith chloroacetaldehyde, the nucleosides were separated by reversed-phase HPLC, and the amount of 1,N6-ethenoribosyladenosine derived from internal residues of poly-(ADP-ribose) was determined with a fluorescence detector *T-lom reprint requests should be addressed.
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(type SFM-25, Kontron, Zurich; excitation wavelength, 235 nm; emission wavelength, 425 nm) using appropriate calibration curves obtained with purified marker compounds (6) . Alternatively, poly(ADP-ribose) formed from radiolabeled NAD' was purified by affinity chromatography as described above and then digested to phosphoribosyl-AMP with snake venom phosphodiesterase. Phosphoribosyl-AMP was then separated from other nucleotides by isocratic strong anion exchange HPLC using a Whatman partisil 10-SAX column (250 mm x 4.6 mm inside diameter) preceded by a guard column (50 mm x 1.5 mm inside diameter) containing the same material. The column was eluted at a flow rate of 1 ml/min with 125 mM potassium phosphate/0.5 M KCl, pH 4.7, and the radioactivity coeluting with the phosphoribosyl-AMP was quantified with a MR 300 scintillation counter (Kontron).
Other Methods. The DNA content of hepatocytes was determined as described (7). Hepatocellular protein was quantified according to Lowry et al. (8) . The calculations of intracellular NAD' concentrations were based on analyses indicating an average intracellular volume of 6.5 pl for adult rat hepatocytes (9) .
RESULTS
Loading Hepatocytes with Exogenously Supplied NAD'. We discovered that hepatocytes in primary monolayer culture have a remarkable capacity to take up exogenously supplied NAD' from the medium. Fig. lA shows that within a 60-min incubation of these cells with 500 ,uM NAD+, the intracellular NAD+ concentration increases by 50% and reaches almost twice the concentration of control cells after prolonged incubation. The intracellular NAD+ of hepatocytes following 24 hr of culture was determined to be 400 ± 25 uM (mean ± SEM, n = 8), which is in good agreement with reported values (10) . Thus, it is remarkable that this increase also occurs under conditions in which the exogenously supplied NAD+ concentration is significantly below the endogenous NAD+ concentrations of these cells. For example, intracellular NAD+ was even increased when exogenously supplied NAD+ was four times below endogenous levels (Fig. 1B) .
We next determined whether the increase in intracellular NAD+ was the result of NAD+ uptake by cultured hepatocytes. Alternatively, extracellular NAD+ could produce a transmembrane signal (11) , causing stimulation of its biosynthesis, inhibition of its degradation, or both. Also, the increase could have resulted from extracellular NAD+ breakdown into membrane-permeable products reassembled into NAD+ after cellular uptake. We, therefore, determined that the intracellular NAD+ increase was associated with a membrane transfer of an equivalent amount of exogenously supplied NAD+. Table 1 shows that following a 1-or 2-hr incubation of hepatocytes with three different concentrations of exogenously supplied NAD+, the absolute intracellular increases were nearly identical to the membrane transfer of an equivalent amount of radiolabeled material, identified as intact NAD+ by affinity chromatography in conjunction with HPLC analysis (Table 1 ). This favors translocation of NAD+ rather than an NAD+-dependent transmembrane signal as the cause of the NAD+ increase (Fig. 1 25 ,uM (mean + SEM, n = 8). x, Single determinations; x x, average of two determinations; x x x, mean + SEM of three independent determinations; or x x x x, mean + SEM derived from eight independent determinations, all involving separate cell preparations.
We then investigated whether the NAD+ taken up by cultured hepatocytes equilibrates freely with the intracellular NAD+ pool, which is utilized for poly(ADP-ribosyl)ation of nuclear proteins. This would be reflected by indiscriminate utilization of radiolabeled NAD+ along with endogenous NAD+ for poly(ADP-ribose) biosynthesis (Fig. 2) . If cells were stimulated for poly(ADP-ribose) synthesis (13), the incorporation of radiolabel from NAD+ into protein-bound poly(ADP-ribose) corresponded very well to the value pre- dicted from the labeling of the total NAD+ pool. An analysis of the data in Fig. 2 showed that 34.5 pmol of NAD+-derived ADP-ribosyl residues per mg of cellular protein, out of a pool of 1470 pmol of NAD+ per mg ofprotein, were converted into poly(ADP-ribose). On this basis, we calculated that 81% of the expected amount of radiolabel could be recovered as phosphoribosyl-AMP residues [i.e., internal (ADP-ribose)npolymer residues derived from loaded NAD+; Fig. 2B ], indicating that at least 81% of loaded NAD' effectively equilibrated with the endogenous NAD' available to the chromatin enzyme poly(ADP-ribose) polymerase.
Consequences of the Manipulation of Intracellular NAD' on
Chromatin-Associated Poly(ADP-Ribose). Table 3 shows that a 70% increase ofintracellular NAD' caused a 5-fold increase of chromatin-associated poly(ADP-ribose). Concomitantly, the ratio of ADP-ribosyl residues in poly(ADP-ribose) over those contained in NAD' rose 3-fold (Table 3 ). This indicates a new equilibrium between these two pools of ADP-ribosyl residues. In this new steady state, the catabolic rate of chromatin-bound poly(ADP-ribose) was unaltered (data not shown). This demonstrates that a significant increase of chromatin-bound poly(ADP-ribose) could be forced upon hepatocytes by raising the intracellular NAD' pool.
DISCUSSION
The linkage between poly(ADP-ribosyl)ation and cellular redox reactions through NAD' is so direct that it seems to imply a distinct role in cellular physiology. Numerous investigations have concentrated on the "effector" role of poly-(ADP-ribose) in modulating chromatin functions, particularly in the repair of carcinogen-inflicted DNA damage. Apart from generating mechanistic models for the modulator action of poly(ADP-ribose) (for reviews see refs. 1, 2, 3, 14, and 15), these studies have identified poly(ADP-ribose) polymerase as part of a "sensor system" on chromatin, which converts "stress" on chromatin (i.e., DNA strand breaks) into a metabolic shut-off signal [i.e., depletion of NAD' and ATP (3)]. We present evidence for a reverse signal transduction, such that the increased availability of NAD' may be signaled to chromatin by poly(ADP-ribose). A persistent increase in poly(ADP-ribose) was forced upon hepatocellular chromatin by increasing intracellular NAD' ( Table 3) that resulted in an altered distribution of ADP-ribosyl residues between the NAD' compartment and the poly(ADP-ribose) compartment (Table 3 ). This suggests that the availability of NAD' determines whether ADP-ribosyl residues function as part of a respiratory coenzyme or as a modifying residue for the posttranslational modification of chromatin proteins.
Little is known about the precise nature of the signal that modulates the phenotypic expression of chromatin functions by poly(ADP-ribosyl)ation (1) . However, results obtained with reconstituted in vitro systems involving purified poly-(ADP-ribose) polymerase and appropriate chromatin acceptors have clearly shown that the pattern of (ADP-ribosyl)ated proteins (16) and the complexity (17) and size (17, 18) of the (ADP-ribose)n polymer depend directly on the NAD' concentration in the reaction mixture. Similarly, the size of (ADP-ribose)n polymers generated in polynucleosomes by endogenous poly(ADP-ribose) polymerase depends on the NAD' concentration (19, 20) . Large fluctuations in these parameters have also been observed in vivo (for review see Proc. Natl. Acad. Sci. USA 84 (1987) 0 ref. 14) . Nevertheless, it is not known which of these various properties of poly(ADP-ribose) constitutes the presumed molecular signal modulating chromatin functions. Also, it is noteworthy that a direct correlation between the size of (ADP-ribose)n polymers bound to polynucleosomes and the relaxation state of these chromatin preparations (19, 20) (3) in which excessive DNA damage is translated into a metabolic shut-off signal by poly(ADPribosyl)ation. By modulation of constitutive poly(ADP-ribosyl)ation as a reverse signal, the metabolic situation may be communicated to chromatin and cause a temporary adjustment of its functions. Thus, poly(ADP-ribose) becomes part of a regulatory cycle.
Numerous reports have emphasized the dominant role of DNA strand breaks in regulating poly(ADP-ribose) biosynthesis in vivo, and the observation that DNA strand breaks stimulate purified poly(ADP-ribose) polymerase in vitro provides convincing support of this view (for review see refs. 1, 14, and 15). However, in several examples of cytodifferentiation, drastic changes in constitutive poly(ADP-ribosyl)ation activity could not be ascribed to DNA strand breakage, and the signal prompting these changes has not been identified (23) (24) (25) (26) . It is possible that these alterations in constitutive poly(ADP-ribosyl)ation activity reflect the varying availability of NAD' during cytodifferentiation.
